Mg-Co and Mg-Fe systems were employed as a candidate hydrogen storage alloy. Different from Mg-Ni system, there exist no line compounds of Mg 2 Co and Mg 2 Fe. Non-equilibration of these compounds is indispensable to make solid state synthesis. Bulk mechanical alloying was applied to this non-equilibration of Mg 2 Co with success. Planetary ball milling was also utilized to discuss the process efficiency of bulk mechanical alloying. In particular, the on-line monitored energy density was used to describe the homogeneous refining and solid-state reaction with increasing the number of cycles. Through SEM observation of intermediate phase change, the solid-state reaction commences when the total energy density exceeds the critical limit. SEM/EDX and XRD analyses assured that the synthesized non-equilibrium phase should be Mg 2 Co. The Goldschmidt-factor analysis was used to determine that the synthesized Mg 2 Co has mainly fcc-structure. No significant change of XRD profiles was observed even when increasing the holding temperature. This Mg 2 Co is quasi-stable, non-equilibrium phase even at the elevated temperature. In case of Mg-Fe system, the initial elemental particle mixture was homogeneously refined. Under the similar condition to the solid-state synthesis of Mg 2 Co, however, Mg 2 Fe was not synthesized even via bulk mechanical alloying. Through precise analysis, nonequilibrium phase with high iron content was recognized, so that non-equilibration via the bulk mechanical alloying might well be effective to investigate the solid state synthesis of binary compounds even in Mg-Fe system.
Introduction
As illustrated in the periodic table, nickel, cobalt and iron have common physical and chemical properties. Table 1 listed the typical features common to these three elements. Since they are typical, transient metallic elements, they are widely used in various applications especially as ferromagnetic materials. 1) Since magnesium is a para-magnetic element, the magnetic behavior for elemental mixture or alloy in Mg-X (X = Ni, Co and Fe) system becomes an indicator of refinement or reaction.
Pure magnesium with the purity of five to six nines, has good corrosion resistance as reported in Ref. 2) . Reference 3) told that magnesium alloys indicate severe corrosion when the content of nickel, cobalt or iron exceeds a limit. Typical example is seen in Mg-Fe system: small addition of iron into magnesium exaggerated the corrosion rate. Considering that Mg + 2(H 2 O) ! Mg(OH) 2 + H 2 takes place in this corrosion reaction, this significant sensitivity to amount of additive elements must be attributed to the catalytic role of nickel, cobalt and iron in the magnesium. The nickel, cobalt or iron segregates form a local electrochemical cell to enhance the formation reaction of hydroxide. In other words, the affinity of Mg-H can be controlled by the affinities between Ni/Co/Fe-H.
Significant difference among these three elements can be seen in their binary phase diagram against magnesium.
3) As compared in Fig. 1 , the solid solubility of nickel, cobalt and iron into magnesium is very low: e.g., <0:01 at% for nickel, <0:001 at% for cobalt, and 0.00043 at% for iron. There are two line compounds in Mg-Ni system: hydrogen absorbing compound, Mg 2 Ni and Laves phase, MgNi 2 . One line compound in the Laves phase is reported in Mg-Co system: MgCo 2 . No compounds exist in Mg-Fe system. Especially both in Mg-Co and Mg-Fe systems, there are no equilibrium phases other than original elements for the magnesium content less than 50 at%.
To be interested, their hydrides are reported as a stable phase: Mg 2 NiH 4 , Mg 2 CoH 5 and Mg 2 FeH 6 . As listed in Table 2 , the number of hydrogen atoms increases one-by-one in the order of nickel, cobalt to iron. In Mg-Ni system, Mg 2 Ni corresponds as a metallic phase (or -phase) to Mg 2 NiH 4 . While no metallic phases exist in the corresponding manner to Mg 2 CoH 5 and Mg 2 FeH 6 . This difference suggests that the affinity of Co-H or Fe-H is sufficiently large to control the affinity of Mg-H due to the weak bondage between Mg and Co/Fe. This situation might well be attractive to reduce the enthalpy barrier during hydrogenation and de-hydrogenation and to reduce the operating temperature for hydrogen absorption and desorption. Hence, nonequilibrium, metallic phase in Mg-Co and Mg-Fe systems must be attractive, not only to search for new types of material system with hydrogen absorption and desorption, working at the relatively low temperature, but also to investigate how to modify the original hydrogenation-de- hydrogenation processes of magnesium. [4] [5] [6] In fact, the ballmilling type mechanical alloying was applied to synthesize the non-equilibrium phases in Ref. 6) .
In this paper, Mg-Co and Mg-Fe systems are employed to investigate the possibility of solid state synthesis of metallic compounds to be utilized as a starting phase in the hydrogenation process. Bulk mechanical alloying (BMA) is mainly used to synthesize the non-equilibrium phase in both systems. Different from the synthesis of compounds in MgNi via BMA, [7] [8] [9] [10] the adequate chemical composition as well as BMA-process conditions must be surveyed in the study. In addition, the solid state reaction to non-equilibrium phase, or, non-equilibration process, is also described objectively by using the time history of applied energy density and the change of magnetic properties during BMA. The planetary ball milling is also utilized to evaluate the processing efficiency via BMA. XRD (X-ray diffraction), SEM (Scanning Electron Microscope) and EDX (Energy dispersive Xray spectroscopy) are used to make structural analysis of the synthesized phase. Hydrogen absorbing capacity is evaluated from the pressure composition isotherm measurement as a preliminary experiment.
Design of Non-equilibrium Phases for Hydrogen Storage Alloys
In the material search for a candidate hydrogen storage alloy, there are two ways to be selected. In the first approach, the targeting hydride is once synthesized to investigate its desorption process. As seen in Ref. 11), most of the synthesized hydrides sometimes become too stable to release the hydrogen even in partial. In the second way, the metallic phase is first formed to investigate the hydrogen absorption behavior with or without activation treatment. In Mg-Ni system, Mg 2 Ni was selected for solid-state synthesis to have investigated the absorption behavior 8) and to have discussed the nickel enrichment effect on the modification of hydrogenation process. 12) As had been stressed in Refs. 12) and 13), if the non-equilibrium phase materials or the amorphous materials are used as a starting metallic phase, then, the hydrogen absorption process is often enhanced to commence the hydrogenation even at the room temperature, or, to have low-temperature hydride phase. Furthermore, as had been reported in Ref. 14) , the starting materials might well be designed to have polymorphous structure.
In the non-equilibrium phase, hydrogen absorbing material design, there are another two ways. The first way is small addition of second constituent element to hydrogen absorb- 15) small addition of cobalt or iron leads to significant modification of original properties to pure magnesium. In particular, remembering that iron has very little solubility to magnesium and that corrosion of magnesium is enhanced with iron segregates in magnesium, super-saturated solid solution of iron into magnesium must be a new way to change the original reactivity of magnesium to hydrogen.
The second way is non-equilibration of compounds or alloys having the pseudo-stoichiometric composition. As pointed out in the non-equilibration of Mg 2 Ni, it has a relatively wide miscibility gap as the crystalline structure of Mg 2 Ni. 12) Hence, since no compounds in the equilibrium phase are present, Mg 2 Co or Mg 2 Fe have the possibility to have wider miscibility gap as a compound. To be noticed in the following experiment, nearly the same XRD profiles were obtained for the synthesized product having higher cobalt contents; various phases can be available to investigate the Co-enrichment effect on the hydrogen-absorbing behavior of Mg 2 Co.
Experimental Procedure
In the present experimental approach for solid-state synthesis, two types of mechanical alloying were used to make non-equilibration for Mg-Co and Mg-Fe systems. The bulk mechanical alloying (BMA), was mainly utilized to synthesize the non-equilibrium phase, magnesium base cobalt and iron alloys. As had been discussed in Ref. 5 ), the applied mechanical energy was on-line monitored to describe the transient behavior of processed materials with increasing the number of cycles. The planetary ball milling was used here to discuss the possibility of solid-state synthesis during the ball milling and to compare the processing time between two different approaches. Figure 2 (a) showed the planetary milling apparatus. A vial, housing the mixture of milling balls and initial powders with the specified ratio, was placed in this apparatus. The controlling parameters are: rotational and revolving speeds to accelerate the refining and solid-state reaction during milling. On the other hand, the laboratory-scaled BMAsystem was depicted in Fig. 2(b) . As had been insisted in Refs. [16] [17] [18] , the BMA-base powder metallurgy process is composed of the above laboratory-scaled BMA for materials search via the solid state synthesis and the productionoriented BMA for fabrication of targeting materials with high efficiency.
As had been stated elsewhere, [19] [20] [21] the repeated plastic work is applied to the starting materials by controlling the movement of lower/upper punches and dies. Table 3 showed that 40 to 45% of total input energy is used for plastic working. The rest was wasted for rigid motion of punches, friction and heat losses. The loading pass schedule in BMA is designed to have the materials inside the die cavity undergo severe shear stress and pressure. In the laboratory-scaled BMA, one forward extrusion mode and two compression modes are scheduled into one cyclic loading; eighty to ninety percentage of the plastic work (W p ) is supplied in the shear flow of materials. 22) This W p is given in general by integration of (flow stress) Â (equivalent strain rate) over the plastically deforming portion. Although the strain rate distributes in the processed sample, the average strain rate is prescribed by (threading speed in punching)/(stroke). Hence, the average strain rate becomes constant when using the same loading pass schedule in BMA. In the rough sense, W p is proportional to the flow stress. In fact, as depicted in Fig. 3 , In BMA, total applied energy per a cycle is on-line monitored all through the process and stored into disc as its time history. Figure 4 depicted a typical time history of online monitored mechanical energy per a cycle in Mg-Co. In the normal operation during BMA, mixing, refining and homogenizing processes take place in materials under the constant supply of energy density, so that the monitored energy per a cycle should be nearly constant irrespectively of the number of cycles. If these normal processes are followed by solid solution formation, or, solid-state synthesis, the increase of applied energy per a cycle is detected in its time history.
Assuming that the whole sample could be in elasto-plastic state, the plastic work can be roughly evaluated by integration of the plastic energy density during forward extrusion. Ref. 21) suggested that the average shear strain rate might be 1 s À1 ; necessary data were listed in Table 4 . The flow stress of cobalt and magnesium powder mixture with the molar ratio of Mg70C030, was provided by using the mixture rule and porous-media approximation: 22) ¼ ð1 À Þð0:7 Â Mg þ 0:3 Â Co Þ. denotes the porosity, and, Mg and Co , the flow stress of pure magnesium and cobalt, respectively. Since the processing time for forward extrusion is two seconds in BMA, the specific energy per a cycle, was estimated by 780 J/cycle. Remembering that the plastic work per a cycle (W p ) is 40% of total specific applied energy (W), W can be provided by 2 kJ/cycle. This assures, that W ¼ 2{3 kJ/cycle in Fig. 4 is just corresponding to the energy wasted for plastic work. In other words, the applied energy of W ¼ 2{3 kJ cycle for N < 1750 is only responsible for plastic work to make homogeneous refining and mixing. Hence, no change could occur if W were kept constant in the level of 2-3 kJ/cycle althrough the processes in BMA; acceleration of mechanical energy supply must be indispensable to ignite the solid state synthesis.
As had been discussed in Refs. 4) and 5), the processing condition must be optimized to make solid state synthesis even via the bulk mechanical alloying. Both the initial molar ratio and the relative density during processing were varied in Mg-Co system: the cobalt atomic percentage from 10 to 40% and the relative density from 80% to 65% T.D. In general, when the initial cobalt atomic percentage is less than 20%, no increase of W p was detected in the online-monitoring during BMA. In BMA with the constant relative density, 80% T.D., the friction loss is sometimes exaggerated too much to make continuation of BMA. In the following experiments, Mg70Co30 and Mg70Fe30 were employed as an initial molar ratio of magnesium versus cobalt or iron. The relative density was constant, 70% T.D. The blended of pure magnesium and cobalt with the weight of about 30 g, was poured into a die cavity and subjected to repetitive plastic loading with the prescribed pass schedule.
Experimental Results
Mg-Co and Mg-Fe binary systems were employed to investigate whether non-equilibrium phase can be synthesized in the solid state.
Mg-Fe system
Magnesium granules with the purity of 99.99% and the size of 2-3 mm, and iron powders with the purity of 99.9% and particle size under #300 mesh, were blended and mixed with the molar ratio of Mg70Fe30. This starting elemental mixture was subjected to the cyclic loading during BMA with the constant relative density of 70% T.D. Figure 5 depicted the variation of XRD profiles with increasing the number of cycles. With increasing the number of cycles up to N ¼ 2000, the peak intensities both for Mg and Fe were monotonically reduced; no new peaks were seen in their XRD profiles. When N ¼ 5000, the peaks for iron can be seen while the typical triplet peaks for magnesium were invisible. To be noticed is that new peaks can be seen in XRD profiles. No significant increase of input mechanical energy was detected in Fig. 6 . This suggested that most of plastic work during BMA might be wasted for refining and homogeneous mixing of iron particles in the magnesium matrix. Figure 7 (a) depicted a typical microstructure of BMA sample processed to N ¼ 5000. Fine particles with the diameter of 2-3 mm, distribute in the matrix. As proven by EDX analysis in Fig.  7(b) , main composition of these particles is iron while 6 at% iron was detected in the magnesium matrix. This noticeable solid solution of iron into magnesium corresponds to the new phase in Fig. 5 . Remembering that iron has very little solubility into magnesium, this enhancement of solid solubility might be intrinsic to microstructure control via the bulk mechanical alloying.
Mg-Co system
The same pure magnesium granules as used in the above were premixed with the cobalt powders with the purity of 99.9% and the particle size under #300 mesh. This powder mixture is blended with the molar ratio of Mg70Co30 and poured into a die cavity. In the similar processing conditions, the above elemental mixture was BMAed to the specified number of cycles. Figure 8 showed the variation of XRD profiles with increasing the number of cycles (N). Up to N ¼ 1750, the intensities of characteristic triplet peaks to magnesium and cobalt, were reduced with N. When N > 1750, the XRD profile changes itself significantly from that for the refined powder mixture of magnesium and cobalt. This implies that non-equilibration reaction commences for N > 1750. Figure 9 depicted the time history of on-line monitored mechanical energy per cycle with N. Although the same pass schedule was utilized all through the process, the energy per cycle with 3-4 kJ/cycle in the initial stage began to increase with N for N > 800 and became constant, about 9 kJ/cycle for N > 1400. Considering that significant broadening of peaks took place in the XRD profiles for N > 1000, this increase of the applied energy must be caused by the increase of flow stress during homogeneous refining of cobalt into magnesium matrix. For N > 1200 in Fig. 9 , higher specific energy was applied to continue the bulk mechanical alloying process. Hence, the solid state reaction takes place in this high energy transfer condition.
Significant XRD profile change between N ¼ 1750 and N ¼ 2000, implies that the solid state reaction should be enhanced at this stage. Microstructure of BMA sample at N ¼ 1750 was shown in Fig. 10 . Local chemical compositions were analyzed by EDX with the spatial resolution of about 1 mm. This microstructure was divided into three regions: gray matrix, light gray zone and white area. Owing to EDX, the gray zone was a magnesium matrix, the white area was a residual cobalt particle and the light gray zone was Mg 2 Co. Hence, when N ¼ 1750, the solid state reaction to Mg 2 Co commences together with homogeneous refining of cobalt particles in the magnesium matrix. On the contrary, when N ¼ 2000, most of starting materials were synthesized to Mg 2 Co together with small amount of residual cobalt dotted in the reacted phase matrix, as shown in Fig. 11 . This assures that non-equilibration with solid state synthesis commences in the early stage of high-energy transfer region and the yield of synthesized Mg 2 Co is significantly promoted with increasing the energy density.
Discussion
Mixture of magnesium with nickel, cobalt or iron is a composite of para-magnetic and ferro-magnetic materials. Hence, variation of magnetic properties with increasing the number of cycles during BMA must be an indicator of commencement of solid state synthesis. As had been discussed in Refs. [23] [24] [25] , Co-Cu system was employed to describe the solid solution formation with increasing the number of cycles in BMA by monotonic decreasing of Number of Cycles Energy per Cycle, E / kJ Fig. 9 Variation of monitored energy per cycle with increasing the number of cycles for Mg-Co system. Figure 12 depicted the variation of magnetization curves against the applied magnetic field with increasing the number of cycles. Except for the initial stage with N < 500, nearly the same magnetization response was obtained for N < 1750. The measured sample includes 30 at% cobalt, or, about 70 mass% cobalt. The saturated magnetization at the room temperature (Ms) is 160 emu/g for cobalt. Since cobalt has little solubility into magnesium, the theoretical bound of Ms for the mixture sample is given by about 110 emu/g. The magnetization curves with Ms = 80-90 emu/g for N < 1750 implies that the processed materials are homogeneously refined but are still a mixture of magnesium and cobalt. Ms commenced to decrease at N ¼ 1750 and it was significantly reduced at N ¼ 2000 in Fig. 12 . This reduction of Ms indicates the onset of solid state reaction from refined elemental mixture in Mg-Co to Mg 2 Co, which might be in the non-magnetic phase.
In previous studies, [23] [24] [25] the coercive force, H c was found to be sensitive to the refined cobalt particles size (R CO ). In particular, when R CO is reduced below the critical size, H c becomes nearly zero, and, the materials are in the super-para magnetic state. H c decreased slightly with increasing the number of cycles but H c ¼ 280 Oe even at N ¼ 2000. This suggests that solid-state synthesis might take place even when the refined cobalt size is relatively large enough to have ferro-magnetization. The detail studies are necessary to investigate the effect of cobalt particle size in refined elemental mixture on the commencement of solid-state synthesis.
Both the planetary milling and the bulk mechanical alloying were utilized for particle size refinement and solid-state synthesis. The processing time is often an issue of discussion for industrial application of mechanical alloying process. Variation of XRD profiles with the elapsed time was first compared between two processes. Figure 13 depicted a typical variation of XRD profiles obtained by the planetary ball milling. It was found from comparison to Fig. 8 , that nearly the same intensities of magnesium as observed at N ¼ 1750 in Fig. 8 were detected when t ¼ 540 ks (150 h). Since one cyclic loading requires eight seconds in BMA, the total time up to N ¼ 1750 was 14 ks or 3.9 h. Hence, the processing time can be reduced into about 1=40 of the milling time by using BMA. As before mentioned, a production-oriented BMA system can be utilized to further improve the production efficiency.
The point to be noted here is that no commencement of solid-state synthesis was recognized in the planetary ball milling even by increasing the milling time up to 900 ks (250 h). This might be because the mechanical energy by milling is insufficient to refinement of cobalt in Mg-Co mixture and to ignite the reaction to Mg 2 Co. In Ref. 6), solidstate synthesis of Mg 2 Co via ball milling was detected. Hence, applied energy control must be essential when using the ball milling type of mechanical alloying. In case of the bulk mechanical alloying, since the applied energy per a cycle is constant, the totally applied energy (W) to the processed samples monotonically increases with the number of cycles. As shown in Fig. 9 , the applied energy per a cycle increases to enhance the solid reaction: W ¼ 4420 kJ at N ¼ Solid State Synthesis of Non-Equilibrium Phase in Mg-Co and Mg-Fe Systems via Bulk Mechanical Alloying 607 of this energy is transformed to materials as a plastic work, the total energy density (U) is given by 64.3 kJ/g at N ¼ 1750 and U ¼ 82:6 kJ/g at N ¼ 2000. Synthesis of Mg 2 Co over N ¼ 2000 implies that mechanical energy exceeding the critical limit must be applied to materials to ignite the solidstate reaction. U ¼ 80 kJ/g might be an effective limit to commence the solid-state reaction from the refined Mg-Co mixture to Mg 2 Co via the bulk mechanical alloying.
In order to identify the crystalline structure of Mg 2 Co, the Goldschmidt factor analysis was used. In this analysis, random distribution of constituent atoms in the specified crystalline structure is assumed to estimate the lattice constant, the lattice distance and the diffraction angles. Direct comparison of the diffraction angles between estimation and experimental analysis, determines the most appropriate crystalline structure. In this simulation, the Goldschmidt atomic radius for magnesium and cobalt, or, R(Mg) and R(Co) were prescribed by R(Mg) = 0.16 nm and R(Co) = 0.125 nm, respectively. Table 5 summarized typical two simulations assuming bcc-random and fcc-random distributions for Mg 2 Co. The calculated diffraction angles of 2 by assuming the fcc-random distribution, were in fairly good agreement with the experimental data, so that the synthesized Mg 2 Co has mainly fcc-structure.
In general, the non-equilibrium phase material often becomes unstable at the elevated temperature. Heating is an important tool to accelerate hydrogenation process, so that the candidate hydrogen storage alloys must have sufficient stability in the operating temperature range. Figure 14 depicted the variation of XRD profiles with increasing and decreasing the holding temperature. Little or no change of XRD profiles was seen even at 773 K. Although MgCo 2 could be synthesized, no MgCo 2 peaks were detected even in trace level; with increasing the holding temperature, peak intensities of fcc-structured Mg 2 Co increased. This implies that the synthesized Mg 2 Co must be stable up to 773 K and full reaction to Mg 2 Co takes place during heat treatment. To be noticed, both bcc-structured and cubic-structured Mg 2 Co peaks were also detected with main peaks of fcc-structured Mg 2 Co. This suggests that Mg 2 Co is possible to have polymorphic crystalline structure.
As the preliminary study on the hydrogen absorption and desorption behavior of the synthesized Mg 2 Co, the pressurecomposition isothermal curves were measured at the room temperature (293 K) without activation operation. Although the hydrogen absorption rate was very slow without activation process, the hydrogen can be absorbed up to H/M = 20°40°2 θ T. Aizawa, K.-I. Hasehira and C. Nishimura 0.84-0.95, or, 2.7-3.0 mass%. Figure 15 compared the XRD profiles before and after this PCT measurement. No change observed in this comparison, assured that de-hydrogenation process from Mg 2 CoH x to Mg 2 Co takes place normally. Mg 2 Co has mainly fcc structure and H/M is nearly unity; then x ¼ 3 for Mg 2 CoH x . This implies that only octahedral interstices are occupied by hydrogen while tetrahedral interstices are vacant. This characteristic feature was also observed in the PCT measurement even when increasing the holding temperature. Further precise study is necessary to investigate the relationship between the interstitial occupation of hydrogen in Mg 2 Co and its crystalline structure.
Conclusion
Mg-Co and Mg-Fe binary systems were employed to investigate the possibility of solid state synthesis of nonequilibrium, metallic phase material as a starting compound for hydrogenation. Mg 2 Co can be successfully synthesized via the bulk mechanical alloying. The synthesized compound might have a capacity of hydrogenation at the room temperature. Different from the previous report in Ref. 6) , no new phases of Mg 2 Co can be synthesized via the ballmilling type mechanical alloying. The energy criterion must be effective as a necessary condition for full-reaction into Mg 2 Co through the solid-state synthesis via the bulk mechanical alloying, or, the ball-milling.
No new phases like Mg 2 Fe can be synthesized in Mg-Fe system even by using the bulk mechanical alloying. Although very little solid solubility of iron is allowed to magnesium, significant solid solubility more than five atomic percent can be seen in the synthesized magnesium matrix. The rest iron particle size in this matrix was finely reduced to sub-micron order. This suggests that chemical modification by solid solution of iron into magnesium should be successfully performed to control the hydrogenation and de-hydrogenation processes at the presence of iron in the magnesium.
Magnetization is thought to be a indicator to describe the homogeneous mixing, refining and alloying processes in Mg-X systems for X = Ni, Co and Fe. In the present paper, different from Cu-Co system, fine correlation between variations in the measured magnetization via VSM and the XRD profiles with increasing the number of cycles in BMA, cannot be seen. Further study is also necessary to consider the solid-state reaction process of X-element into magnesium.
